INTRODUCTION {#h0.0}
============

*Streptococcus agalactiae* (or group B streptococcus \[GBS\]) persists as the most frequent cause of sepsis and meningitis in the neonate, despite the significant reduction of early-onset disease subsequent to the introduction of intrapartum antibiotic prophylaxis. Currently, it is estimated that 0.53 and 0.67 cases of neonatal GBS disease occur per 1,000 births in Europe and America, respectively, while the incidence is up to 2-fold higher in countries that have not adopted antibiotic prophylaxis measures ([@B1]). GBS disease is also frequent in post-partum women, with an incidence of 0.49 per 1,000 births ([@B2]). Moreover, GBS is increasingly being reported as a cause of arthritis, endocarditis, and sepsis in nonpregnant adult populations, especially in patients with underlying chronic disease and elderly people ([@B3], [@B4]). The pathogenic potential of these bacteria is dependent on the expression of a large variety of surface-exposed and secreted virulence factors ([@B5], [@B6]).

In addition, mouse models of disease and clinical observations indicate that host factors, and particularly the immune response, are of special importance for the outcome of GBS disease ([@B7][@B8][@B12]). Innate immune recognition of GBS is accomplished through selected Toll-like receptors (TLRs), each of which activates an intracellular signaling pathway requiring the adaptor protein MyD88 ([@B13][@B14][@B16]). This pathway has remarkable similarities to that utilized by the receptors of the interleukin-1 receptor (IL-1R) family ([@B17]), which participate in an evolutionarily conserved loop of amplification of the proinflammatory innate immune response ([@B18]). The IL-1R family includes the receptors and accessory proteins required to transduce signals initiated by IL-1α and IL-1β, IL-18, IL-33, and other IL-1 family members. All of the receptors of the IL-1R family signal via MyD88 to activate a selected group of kinases, leading, in turn, to nuclear translocation of NF-κB and to the transcription of a number of proinflammatory genes ([@B19], [@B20]). The signaling IL-1R complex includes the type I IL-1 receptor (IL-1RI) and the IL-1R accessory protein, while IL-1RII functions only as a decoy and has negative regulatory activity.

The crucial importance of MyD88-dependent pathways for anti-GBS defenses was shown by using MyD88-deficient mice ([@B21]). However, these studies did not discriminate between the contributions of TLRs and IL-1R (or other IL-1R family members). Moreover, little is known of the role of the IL-1 system in GBS disease, despite its central importance in the initiation and maintenance of inflammation and host defenses ([@B18]). IL-1 has potent stimulatory effects on phagocytes, promotes the adhesion of neutrophils and monocytes to endothelial cells, is a chemoattractant for leukocytes, and induces the production of other inflammatory factors such as lipid mediators and cytokines ([@B22][@B23][@B24]).

IL-1 is markedly elevated during GBS disease, and its levels correlate with those of other inflammatory mediators, such as tumor necrosis factor alpha (TNF-α) and IL-6, and with the bacterial burdens in infected organs ([@B7]). In addition, after binding to the bladder mucosa, GBS can potently induce IL-1α in epithelial cells ([@B25]). Therefore, in this study, we sought to define the contribution of the IL-1R signaling pathway to the pathogenesis of GBS infection. Using IL-1RI-deficient mice, we gathered evidence for the major importance of this receptor in protecting the host against lethal infection. Moreover, our observations link these protective effects to the production of the chemokines KC and MIP-1α and the recruitment of polymorphonuclear leukocytes to sites of GBS infection.

RESULTS {#h1}
=======

IL-1RI-deficient mice are hypersusceptible to GBS infection. {#h1.1}
------------------------------------------------------------

Lack of MyD88 was beneficial for mice challenged with a large dose of GBS because of cytokine storm and inflammation attenuation ([@B21]). However, under low-dose challenge conditions, MyD88 knockout (KO) animals suffered from reduced proinflammatory and antimicrobial responses. Consequently, we hypothesized that mice might be more susceptible to low-dose infection in the absence of IL-1 signaling. To investigate this, we infected IL-1RI-deficient mice with GBS strain H36B by the intraperitoneal (i.p.) route at doses that caused no deaths of wild-type (WT) mice in preliminary experiments. Mice were monitored for survival for 15 days, although death never occurred after 4 days. As expected, all WT mice survived the low-dose inoculum, whereas 10 out of 16 (62%) of the immunodeficient mice died ([Fig. 1A](#fig1){ref-type="fig"}). Under these conditions, MyD88-defective mice were extremely susceptible to infection and all died within 3 days after the challenge ([Fig. 1B](#fig1){ref-type="fig"}).

![Effect of IL-1 signaling on infection outcome following an i.p. challenge with GBS. (A and B) Survival of WT, IL-1RI^−/−^, and MyD88^−/−^ mice after an i.p. challenge with 2 × 10^5^ CFU of GBS. \*, *P* \< 0.05 versus WT mice, as determined by Kaplan-Meier survival plots. Shown are the cumulative results of two experiments, each involving eight mice per group. (C and D) Blood and peritoneal lavage fluid CFU counts of WT, IL-1RI^−/−^, and MyD88^−/−^ mice at 18 h after an i.p. challenge with 2 × 10^5^ CFU of GBS. Horizontal bars indicate mean values. Each determination was conducted with a different animal in the course of one experiment. (E and F) Plasma cytokine levels in WT, IL-1RI^−/−^, and MyD88^−/−^ mice at 18 h after an i.p. challenge with 2 × 10^5^ CFU of GBS. Cytokine levels are expressed as the means ± standard deviations of five determinations, each conducted with a different animal, during one experiment. \* and \#, *P* \< 0.05 versus WT and IL-1RI^−/−^ deficient mice, respectively, by one-way analysis of variance and the Student-Keuls-Newman test.](mbo0041419650001){#fig1}

To ascertain whether increased lethality was associated with a defective ability of the host to control GBS growth, we determined bacterial burdens in blood and peritoneal lavage fluid samples obtained at 18 h after an i.p. challenge ([Fig. 1C and D](#fig1){ref-type="fig"}). Low numbers of colony-forming units (CFU) were measured in the blood of WT mice, indicating that these animals were able to control systemic spreading of GBS from the inoculation site. In contrast, large bacterial loads were found in the blood of IL-1R or MyD88 KO mice ([Fig. 1C](#fig1){ref-type="fig"}). Similar data were obtained when the CFU counts in peritoneal lavage fluid samples were measured ([Fig. 1D](#fig1){ref-type="fig"}). Next, we determined circulating cytokine levels in infected mice. Plasma TNF-α and IL-6 elevations were often found in IL-1RI-defective animals in association with bacteremia ([Fig. 1E and F](#fig1){ref-type="fig"}). Therefore, these experiments could not clarify whether IL-1R signaling affects cytokine production in the course of GBS infection, since it is likely that the elevated cytokine levels measured in the IL-1RI-deficient animals merely reflected the presence of bacteria in the blood. As expected from previous studies ([@B21]), MyD88 KO mice showed low cytokine levels, despite the large bacterial burden ([Fig. 1](#fig1){ref-type="fig"}). This first set of data indicated that IL-1RI KO animals were more susceptible to GBS infection than WT mice because of a relative defect in the ability to control local bacterial growth at the injection site and spreading to the bloodstream from this initial focus of infection.

IL-1 signaling restricts hematogenous dissemination of GBS. {#h1.2}
-----------------------------------------------------------

The pathogenesis of GBS septicemia can be viewed as involving three steps. In the first two, bacteria replicate locally and invade the bloodstream, while in the third step, they leave the blood to colonize target organs, such as the brain, in which they may cause severe pathology. To specifically analyze the involvement of IL-1 signaling during the third phase, we injected a sublethal GBS dose directly into the bloodstreams of WT and IL-1RI-deficient mice and counted the CFU in their organs at different times after the challenge. GBS counts were consistently higher in blood and brain samples from immunodefective mice than in those from WT mice at 18 and 42 h after infection ([Fig. 2A and B](#fig2){ref-type="fig"}). Similar results were observed in the kidneys ([Fig. 2C](#fig2){ref-type="fig"}). Next, groups of WT and IL-1RI KO mice were inoculated intravenously (i.v.) and observed for death and signs of disease. Under these conditions, 9 out of 16 animals (56%) developed neurological signs, including lethargy and paralysis, and eventually died, while all of the control mice survived with no sign of disease ([Fig. 2D](#fig2){ref-type="fig"}). These data indicated that IL-1 signaling plays a crucial role in the clearance of GBS from the bloodstream and in the prevention of hematogenous colonization of the brain and kidneys. Together, data collected from the i.p. and i.v. models indicated that IL-1 signaling promotes anti-GBS host defenses at different body sites. The inability of IL-1RI-deficient animals to clear an infection was marked, although it was not as severe as that observed in the absence of MyD88.

![Effects of IL-1R signaling on infection outcome following an i.v. challenge with GBS. Blood (A), brain (B), and kidney (C) colony counts at 18 and 42 h after an i.v. challenge with 1 × 10^6^ CFU of GBS. Each determination was conducted with a different animal in the course of one experiment, involving eight animals per group. Horizontal bars indicate mean values. \*, *P* \< 0.05 versus WT mice, as determined by one-way analysis of variance and the Student-Keuls-Newman test. (D) Survival of WT C57BL/6 and IL-1RI^−/−^ mice after an i.v. challenge with 1 × 10^6^ CFU of GBS. Shown are the cumulative results of two experiments, each conducted with eight animals per group. \*, *P* \< 0.05 versus WT mice as determined with a Kaplan-Meier survival plot.](mbo0041419650002){#fig2}

IL-1 signaling increases production of the chemokines KC and MIP-1α. {#h1.3}
--------------------------------------------------------------------

In view of the findings reported above, we investigated whether IL-1RI-deficient phagocytes demonstrate decreased bactericidal activity. To this end, we mixed GBS with freshly isolated whole blood from WT or IL-1RI-deficient mice and enumerated the bacteria at different time points. As shown in [Fig. 3A](#fig3){ref-type="fig"}, GBS rapidly replicated in whole blood to reach bacterial numbers in 2 h that were more than 2 logs higher than those of the original inoculum, in agreement with results reported by others ([@B26]). However, there were no differences between IL-1RI-deficient and WT blood cultures in terms of bacterial counts. We next examined the ability of bone marrow-derived macrophages to phagocytose and kill GBS. However, again, no differences in the phagocytosis and killing of these bacteria were found between WT and IL-1RI KO cells ([Fig. 3B and C](#fig3){ref-type="fig"}). We next set out to ascertain whether GBS-induced *in vivo* cytokine production is altered in the absence of IL-1 signaling. To this end, we choose to use killed GBS as a stimulus because of the potentially interfering effects of uncontrolled bacterial growth in IL-1RI-deficient mice, which was previously observed when using live GBS. The model employed involved i.p. injection of killed GBS and measurement of cytokine concentrations in peritoneal lavage fluid samples collected at different times after stimulation. Under these conditions, elevated levels of different immune mediators, including TNF-α, IL-6, KC, MIP-1α, and IL-1β could be measured as early as 2 h poststimulation, peaking at 4 h and declining thereafter. IL-1RI-deficient mice showed a significant decrease in the production of MIP-1α and KC, while their TNF-α and IL-6 levels did not differ from those of WT animals, as shown in [Fig. 4A to D](#fig4){ref-type="fig"}. In addition, there was a tendency for less IL-1β production in immunodefective mice than in WT mice, but this difference was not statistically significant ([Fig. 4E](#fig4){ref-type="fig"}).

![Lack of effect of IL-1 signaling on phagocytosis and bactericidal activity. (A) Whole blood (0.2 ml) from WT or IL-1RI KO mice was infected with 2.5 × 10^4^ GBS, and bacteria were enumerated at the time points indicated after incubation at 37°C. Phagocytosis (B) and killing (C) of GBS by bone marrow-derived macrophages from WT and IL-1RI^−/−^ mice are also shown. Data are expressed as means ± standard deviations of three duplicate observations, each from a different experiment.](mbo0041419650003){#fig3}

![Kinetics of cytokine production in peritoneal lavage fluid after a challenge with killed GBS. (A to E) TNF-α, IL-6, MIP-1α, KC, and IL-1β protein levels were measured in peritoneal lavage fluid from WT and IL-1RI^−/−^ mice at the times indicated after i.p. injection of killed GBS (0.5 mg). Data are expressed as means ± standard deviations of three duplicate observations, each conducted with a different animal, in the course of a single experiment. \*, *P* \< 0.05 versus WT mice by one-way analysis of variance and the Student-Keuls-Newman test.](mbo0041419650004){#fig4}

Macrophages have a central role in innate immune responses and are strongly activated by IL-1 ([@B22][@B23][@B24]). Therefore, we sought to determine whether chemokine production in response to a GBS challenge in our i.p. model is defective in the absence of IL-1 signaling in resident macrophages. To this end, we isolated resident peritoneal macrophages and stimulated them with live, as well as killed, bacteria. Supernatants were collected after 18 h for cytokine assays. Macrophages produced high levels of cytokines in response to live bacteria in a dose-dependent fashion ([Fig. 5](#fig5){ref-type="fig"}). However, markedly less KC and MIP-1α production was found in supernatants obtained from IL-1RI-deficient macrophages than in those from WT cells ([Fig. 5A and B](#fig5){ref-type="fig"}). In contrast, the IL-1β, TNF-α, and IL-6 levels were similar to those of WT cells ([Fig. 5C to E](#fig5){ref-type="fig"}). Similar results were obtained when heat-killed, instead of live, bacteria were used as stimuli (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). Collectively, these data indicated that IL-1RI signaling in resident macrophages promotes the secretion of key inflammatory chemokines such as MIP-1α and KC.

![GBS-induced cytokines in peritoneal macrophage cultures. (A to E) Cytokine protein concentrations in culture supernatants of resident peritoneal macrophages from IL-1RI^−/−^ and WT mice at 18 h after infection with increasing MOIs (1, 5, and 10 µg/ml) of GBS. The concentrations of KC (A), MIP-1α (B), IL-1β (C) TNF-α (D), and IL-6 (E) were determined by ELISA. The cytokine and chemokine concentrations in culture supernatants of unstimulated cells were below the detection limits of the assays. Data are expressed as means ± standard deviations of three duplicate observations, each from a different experiment. \*, *P* \< 0.05 relative to WT mice by one-way analysis of variance and the Student-Keuls-Newman test.](mbo0041419650005){#fig5}

Impaired neutrophil recruitment in IL-1RI-deficient mice. {#h1.4}
---------------------------------------------------------

Since IL-1 signaling can stimulate the migration of neutrophils from bone marrow into the circulation ([@B27]), we assessed whether such signaling influences blood neutrophil counts during GBS infection. No differences in neutrophil numbers were detected between WT and IL-1RI-defective mice under resting conditions ([Fig. 6A](#fig6){ref-type="fig"}). However, blood neutrophil counts were significantly lower in IL-1RI-deficient mice at 4 and 24 h after an i.p. challenge with live GBS, consistent with defective mobilization of these cells into the bloodstream or with increased recruitment to peripheral sites of infection. To discriminate between these possibilities, we sought to determine whether neutrophil recruitment to infection sites is altered in the absence of IL-1 signaling.

![IL-1R-deficient mice have impaired neutrophil recruitment. (A) Blood neutrophil counts in WT and IL-1RI^−/−^ mice before and after an i.p. challenge with 1 × 10^6^ GBS. (B to G) Cell counts in peritoneal lavage fluid after an i.p. challenge with heat-killed GBS (0.5 mg). (B) Numbers of peritoneal cells positive for F4/80 (macrophages), CD3 (T lymphocytes), CD19 (B lymphocytes), and GR1 (granulocytes) in WT and IL-1-RI^−/−^ mice under resting conditions. (C) Kinetics of cell recruitment in the peritoneal cavities of IL-1RI KO and WT mice after a challenge with killed GBS. (D to G) Numbers of peritoneal cells positive for F4/80 (macrophages), CD3 (T lymphocytes), CD19 (B lymphocytes), and GR1 (granulocytes) in WT and IL-1RI^−/−^ mice at 3 (D), 6 (E), 24 (F), and 48 (G) h after a challenge with heat-killed GBS. Data are expressed as means ± standard deviations of three duplicate observations, each conducted with a different animal, in the course of a single experiment. \*, *P* \< 0.05 relative to WT mice by one-way analysis of variance and the Student-Keuls-Newman test.](mbo0041419650006){#fig6}

Since little is known about the kinetics of leukocyte recruitment in experimental systems of GBS infection, in initial experiments, we set out to measure cell influx into the peritoneal cavities of mice after local injection of killed GBS, i.e., using the same stimulation procedure applied in the *in vivo* cytokine production experiments reported in [Fig. 4](#fig4){ref-type="fig"}. We first analyzed the cell types present in the peritoneal cavity in the absence of stimulation with GBS. Under this condition, the total resident peritoneal cell number was approximately 3 × 10^6^ per cavity and the cells were mostly macrophages, T lymphocytes, and B lymphocytes, with less than 1% neutrophils (i.e., Gr1^+^ cells), in both IL-1RI KO and WT mice ([Fig. 6B](#fig6){ref-type="fig"}). We next analyzed the kinetics of cell influx in both groups of animals after the i.p. injection of killed GBS. In WT mice, peritoneal cell counts rose rapidly after a challenge, reaching a peak at 3 h and remaining at levels above the baseline counts for at least 48 h ([Fig. 6C](#fig6){ref-type="fig"}). The immunodefective animals showed markedly decreased total cell count elevations after stimulation ([Fig. 6C](#fig6){ref-type="fig"}), with a selective decrease in neutrophil influx at 3 and 6 h after a challenge ([Fig. 6D and E](#fig6){ref-type="fig"}; see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material). In contrast, the moderate macrophage influx measured at 24 and 48 h was not reduced in IL-1RI KO mice ([Fig. 6F and G](#fig6){ref-type="fig"}).

Taken together, these data indicated that IL-1 signaling selectively promotes the production of the neutrophil chemokines KC and MIP-1α and neutrophil influx in response to a challenge with killed GBS. To ascertain whether IL-1 signaling has similar effects during GBS infection, mice were challenged with live bacteria by the i.v. route and their kidneys and brains, which are the main target organs of hematogenous colonization, were collected at different times. [Figure 7](#fig7){ref-type="fig"} shows the IL-1β, KC, and MIP-1α protein levels in organ homogenates obtained at 0, 6, and 24 h after a challenge. The organs of IL-1RI-deficient mice had significantly lower KC and MIP-1α protein levels than those of WT mice early after a GBS challenge. We also found significantly lower concentrations of myeloperoxidase (MPO), a reliable quantitative indicator of neutrophil presence, in the organs of immunodeficient mice ([Fig. 7D](#fig7){ref-type="fig"}) despite a larger bacterial burden ([Fig. 7E](#fig7){ref-type="fig"}) than in the organs of WT mice. These findings extended the results previously obtained with the killed-GBS i.p. challenge model and indicated that lack of IL-1R signaling is associated with markedly decreased KC and MIP-1α production and neutrophil recruitment in important target organs of GBS colonization, such as the brain and kidneys, during infection.

![Effect of IL-1 signaling on chemokine production and neutrophil recruitment during GBS infection. KC, MIP-1α, IL-1β, and MPO protein levels (A to D) or CFU counts (E) were measured in organ homogenates from WT and IL-1RI^−/−^ mice at the times indicated after i.v. infection with 1 × 10^8^ CFU of GBS. (A to D) Data are expressed as means ± standard deviations of three duplicate observations, each conducted with a different animal, in the course of a single experiment. (E) Horizontal bars indicate mean values. \*, *P* \< 0.05 versus WT mice, as determined by one-way analysis of variance and the Student-Keuls-Newman test.](mbo0041419650007){#fig7}

DISCUSSION {#h2}
==========

It was previously established that MyD88 has a crucial role in host protective responses against GBS ([@B21]). Moreover, GBS infections have been reported in pediatric patients with defects in MyD88 or IRAK-4, a kinase that is immediately downstream of MyD88 in the signal transduction pathway ([@B28][@B29][@B30]). Since MyD88 is required for signaling by several receptors involved in innate immune defenses, in the present study, we sought to establish the contribution to anti-GBS defenses of IL-1R, a MyD88-coupled receptor that has a central role in inflammatory responses. It was found here that IL-1R signaling has significant effects on the outcome of GBS infections. Mice lacking IL-1RI showed decreased abilities to clear an infection and to prevent subsequent bacterial spreading into the bloodstream. In addition, GBS could persist in the blood of these mice and colonize the brain, causing severe neurological symptoms and death. However, although these mice were more susceptible to infection than WT animals were, they were more resistant than those lacking MyD88, since the latter animals rapidly succumbed to a low-dose GBS challenge. Therefore, our data indicate that, in addition to IL-1R, other MyD88-dependent receptors of the TLR/IL-1R family contribute to the host defense against GBS. This conclusion is in agreement with previous reports on the protective roles of TLR2 ([@B16]), TLR7 ([@B14]), and IL-18 ([@B12]) in GBS infection.

Since IL-1 signaling potentiates the functional activity of phagocytes ([@B22], [@B23]), we initially hypothesized that the hypersusceptibility of IL-1RI-defective mice to GBS infection might have been related to diminished phagocytosis and bacterial killing by immune cells. Having found, instead, that this was not the case, we focused on leukocyte mobilization to infection sites, in view of the reported ability of IL-1 cytokines to also affect this function ([@B31], [@B32]). It was first observed that IL-1RI-deficient mice had fewer circulating neutrophils than control mice throughout infection, consistent with defective mobilization of these cells from the bone marrow. These findings are reminiscent of clinical manifestations in patients with defects in the IL-1R signaling molecules MyD88 or IRAK-4, who often develop neutropenia during diseases caused by pyogenic bacteria ([@B28]). Moreover, IL-1RI-deficient mice also developed neutropenia during systemic infection with *Staphylococcus aureus* ([@B33]). An additional finding of the present study is that IL-1 signaling is crucial for neutrophil recruitment at peripheral sites of GBS infection, as observed in a novel model of inflammation induced by these bacteria. In this model, WT mice responded to the administration of killed GBS with a marked, rapid increase in the number of neutrophils in the peritoneal cavity, followed, 24 h later, by a moderate increase in macrophage numbers. Neutrophil, but not macrophage, counts were severely depressed in the peritoneal exudates of IL-1RI-deficient mice, suggesting an important role for IL-1 signaling in early neutrophil influx in response to GBS. Previous studies showed that the introduction of minute amounts of proinflammatory cytokines, such as TNF-α or IL-1α, into body cavities induces neutrophil accumulation, in association with the production of CXC and CC chemokines ([@B34], [@B35]). Therefore, we investigated whether reduced neutrophil recruitment in IL-1R-deficient mice was linked with decreased production of neutrophil chemokines. Indeed, *in vivo* production of the CXC chemokine KC (CXCL1), which has a central role in neutrophil recruitment ([@B36]), was markedly reduced after the administration of killed bacteria to IL-1R KO mice. Similar data were obtained when we looked at the production of MIP-1α (CCL3), a chemokine involved in the recruitment of neutrophils and other leukocytes ([@B37]). Moreover, KC and MIP-1α levels were severely reduced in IL-1R KO resident peritoneal macrophages stimulated with live or killed GBS. Collectively our findings identify a mechanism whereby GBS-induced secretion of IL-1 cytokines stimulates resident macrophages to produce chemokines, which recruit neutrophils to infection sites. However, our data do not exclude the possibility that other cells, in addition to resident macrophages, participate in IL-1R-mediated chemokine production. It should be mentioned, in this respect, that IL-1R signaling by resident skin cells, and not by bone marrow-derived cells, promoted neutrophil recruitment in an *S. aureus* dermatitis model ([@B38]). Further studies are needed to clarify the role of non-bone-marrow-derived resident cells in IL-1R-dependent neutrophil recruitment during GBS infection.

Our observation that IL-1 signaling is crucial for neutrophil recruitment and clearance of GBS infection is consistent with similar findings in *S. aureus* infections, including brain abscesses, septic arthritis, and other systemic infections ([@B37], [@B39], [@B40]). During group A streptococcal infection, IL-1-driven neutrophilia preserved host defenses in mice lacking the NF-κB-activating kinase IKKβ ([@B41]). Moreover, IL-1 signaling may play a protective role also against infections by some intracellular bacterial pathogens, such as *Francisella tularensis* and other nonbacterial pathogens ([@B41][@B42][@B44]). IL-1α and IL-1β are the known primary IL-1R agonists and use only this receptor to mediate their activity ([@B22], [@B42][@B43][@B45]). Despite this, there are key differences in the functional consequences induced by the two ligands that may depend on a number of factors, including their different cellular sources and mechanisms of processing and release.

Although further studies are needed to formally establish the relative contributions of these two IL-1 forms to anti-GBS defenses, we favor the possibility that IL-1β, rather than IL-1α, mediates early chemokine production and neutrophil recruitment during GBS infection, for the following reasons. First, GBS strongly induces the secretion of mature IL-1β shortly after interaction with macrophages and dendritic cells ([@B46]), while IL-1α, which is expressed constitutively in resident cells, is likely released only later during infection upon cell death or lysis ([@B22], [@B47]). Second, IL-1β was found to promote the expression of CXC chemokines and neutrophil recruitment during endotoxemia ([@B48]) or *Helicobacter hepaticus*-induced colitis ([@B49]). Third, IL-1β, but not IL-1α, was required for chemokine induction and neutrophil influx in a staphylococcal dermatitis model ([@B50]).

In conclusion, data presented here indicate that IL-1-dependent signaling plays an important role in the innate host defense against GBS, a frequent and deadly pathogen. The critical role of IL-1 that we observed here in mice may also be seen in humans, as suggested by the occurrence of invasive GBS infection in a patient with rheumatoid arthritis treated with the IL-1 receptor antagonist anakinra ([@B51]). Future studies are needed to determine whether stimulation of IL-1 signaling may be useful as an alternative therapeutic strategy to treat GBS infections, particularly in neonates, in whom host defenses and neutrophil functions appear to be compromised ([@B52]).

MATERIALS AND METHODS {#h3}
=====================

Mice and reagents. {#h3.1}
------------------

MyD88-defective mice were originally obtained from S. Akira, as previously described ([@B14]). IL-1RI-defective mice (Jackson Laboratories) and control WT C57BL/6 mice were purchased from Charles River Italia. The mice were housed and bred under pathogen-free conditions in the animal facilities of the Dipartimento di Scienze Pediatriche, Ginecologiche, Microbiologiche e Biomediche of the University of Messina. Unless otherwise specified, all reagents were from Sigma-Aldrich.

Experimental models of GBS disease. {#h3.2}
-----------------------------------

Six-week-old female mice were injected i.p. or i.v. with the indicated doses of the H36B GBS strain as previously described ([@B11], [@B14], [@B21]). Briefly, bacteria were grown to the mid-log phase in Todd-Hewitt (TH) broth (Oxoid) and diluted to the appropriate concentration in phosphate-buffered saline (PBS; 0.01 M phosphate, 0.15 M NaCl, pH 7.2) before inoculation of animals. In each experiment, the actual number of injected bacteria was determined by colony counting. Mice were observed every 12 h for 15 days after inoculation. Deaths were never observed after 4 days. In further experiments, mice were sacrificed at the times indicated to measure bacterial burdens and plasma cytokine levels in the peritoneal lavage fluid, blood, kidneys, and/or brain. In the experimental model of GBS-induced inflammation, mice were injected with heat-killed GBS (0.5 mg) in PBS (0.2 ml) and peritoneal lavage fluid was collected at the times indicated to measure cytokine concentrations and cell numbers. Heat-killed, lyophilized bacteria (GBS strain H36B) were prepared as previously described ([@B14]).

Organ homogenates. {#h3.3}
------------------

Anesthetized mice were transcardially perfused with 20 ml of PBS to clear the intravascular compartment of the leukocytes, bacteria, and cytokines present in the blood. The brains and kidneys were collected as previously described ([@B53]), placed in preweighed sterile tubes (M-tubes; Miltenyi Biotech) containing PBS, and homogenized in the gentle MACS system (Miltenyi Biotech). Serial dilutions were prepared in duplicate and plated on blood agar for colony counting. Cytokines and intracellular MPO levels were determined in the homogenates as described below.

Cytokine and MPO measurements. {#h3.4}
------------------------------

TNF-α, IL-1β, MIP-1α, KC, IL-6, and MPO concentrations were determined in duplicate with Duoset TNF-alpha, IL-1beta Quantikine, CCL3/MIP-1α Quantikine, CXCL1/KC Quantikine, IL-6 Quantikine, and Myeloperoxidase DuoSet murine enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer's recommendations (R&D Systems). The lower detection limits of these assays were, respectively, 16, 13, 8, 16, 8, and 250 pg/ml. In preliminary experiments, a close correlation was found between intracellular MPO concentrations and neutrophil numbers, as determined in organ homogenates and cell suspensions, in agreement with previous studies ([@B46]).

Growth in whole blood. {#h3.5}
----------------------

Bacteria were grown in TH broth to the late exponential phase and harvested by centrifugation at 5,000 × *g* for 10 min. Freshly collected heparinized whole blood (0.2 ml) from WT or IL-1RI KO mice was inoculated with 2.5 × 10^4^ bacteria. Bacterial CFU were enumerated at the indicated time points after incubation at 37°C.

Macrophage phagocytosis and killing assays. {#h3.6}
-------------------------------------------

Bone marrow-derived macrophages were prepared by flushing femurs and tibiae as previously described ([@B54]). Briefly, after centrifugation, the cells were resuspended to a concentration of 2.5 × 10^6^/ml and cultured for 7 days in a medium supplemented with 100 ng/ml of macrophage colony-stimulating factor (M-CSF; Peprotech) to obtain macrophages. Every 3 days, half of the medium was removed and replaced with fresh, cytokine-supplemented culture medium. Cells cultured in M-CSF were found to be greater than 95% positive for CD11b, greater than 86% positive for F4/80, and less than 5% positive for CD11c by flow cytometric analysis. For phagocytosis assays, GBS (2.5 × 10^6^ CFU) was added to 5 × 10^5^ bone marrow-derived macrophages and incubated for 1 h. The cells were washed with PBS three times; this was followed by the addition of medium containing penicillin (5 µg/ml) and gentamicin (100 µg/ml) and incubation for 1 h to kill extracellular bacteria. Cells were then washed, detached, and lysed with 0.025% Triton X-100 to release intracellular bacteria. Bacterial CFU were enumerated by serial plating on TH agar plates. For bacterial killing assays, 1 × 10^5^ GBS bacteria were added to 5 × 10^5^ macrophages for 1 or 2 h, followed by the addition of 50 µl of Triton X-100 solution to lyse cells. Recovered GBS bacteria were plated on TH agar plates for CFU enumeration.

Stimulation of peritoneal macrophages. {#h3.7}
--------------------------------------

Resident mouse peritoneal macrophages were isolated from the peritoneal cavity by washing with ice-cold PBS as previously described ([@B21]). Briefly, after centrifugation, the cells were resuspended in RPMI 1640 (Euroclone) supplemented with 5% heat-inactivated fetal calf serum, 50 IU of penicillin/ml, and 50 µg/ml of streptomycin. Cells were then seeded into the wells of 96-well dishes at a density of 5 × 10^5^/well and incubated at 37°C in a 5% humidified CO~2~ environment. After 24 h, nonadherent cells were removed by washing with medium. Adherent cells were stimulated with increasing multiplicities of infection (MOIs; 1, 5, and 10 µg/ml) of GBS. All infections were carried out by centrifuging bacteria onto cell monolayers for 10 min at 400 × *g* in order to facilitate bacterial adherence. The number of viable bacteria used in each experiment was carefully determined by plate counting. After incubation at 37°C in 5% CO~2~ for 25 min, the monolayers were incubated for 18 h in the presence of penicillin (250 IU/ml) and streptomycin (250 µg/ml) to limit the growth of residual extracellular bacteria. In further experiments, cells were stimulated with increasing doses of heat-killed GBS (1, 5, and 10 µg/ml). Cell culture supernatants were collected at 18 h after stimulation to measure cytokine levels.

Flow cytometry. {#h3.8}
---------------

All of the reagents used for flow cytometry were from BD Biosciences. Absolute leukocytes counts in blood and peritoneal lavage fluid were determined with BD TruCount tubes by following manufacturer's instructions and staining for 20 min at 4°C with antibodies directed against F4/80 (macrophages), CD3 (T lymphocytes), CD19 (B lymphocytes), and Ly-6G (neutrophils) and the respective isotype antibodies as controls. Following a 20-min incubation at room temperature in the dark, erythrocytes were lysed for 15 min with fluorescence-activated cell sorter (FACS) lysing solution. Samples were analyzed on a FACSCanto II flow cytometer with the FlowJo software (both from BD Biosciences).

Data expression and statistical significance. {#h3.9}
---------------------------------------------

Differences in cytokine levels and organ CFU counts were assessed by one-way analysis of variance and the Student-Keuls-Newman test. Survival data were analyzed with Kaplan-Meier survival plots, followed by the log rank test (JMP Software; SAS Institute, Cary, NC) on an Apple Macintosh computer. When *P* values of less than 0.05 were obtained, differences were considered statistically significant.

Ethics statement. {#h3.10}
-----------------

All *in vivo* experiments were conducted at the animal facilities of the Dipartimento di Scienze Pediatriche, Ginecologiche, Microbiologiche e Biomediche of the University of Messina according to the European Union guidelines for the handling of laboratory animals and were approved by the relevant national authority (Istituto Superiore di Sanità) and the local animal experimentation committee (Comitato Etico per la Sperimentazione Animale permit 18052010).

SUPPLEMENTAL MATERIAL {#h4}
=====================

###### 

HK-GBS-induced cytokines in peritoneal macrophage cultures. (A to E) Cytokine protein concentrations in culture supernatants of resident peritoneal macrophages from IL-1RI^−/−^ and WT mice at 18 h after infection with increasing doses (1, 5, and 10 µg/ml) of killed GBS. The concentrations of KC (a), MIP-1α (b), IL-1β (c), TNF-α (d), and IL-6 (e) were determined by ELISA. The cytokine and chemokine concentrations in culture supernatants of unstimulated cells were below the detection limits of the assays. Data are expressed as means ± standard deviations of three duplicate observations, each from a different experiment. \*, *P* \< 0.05 relative to WT mice by one-way analysis of variance and the Student-Keuls-Newman test. Download

###### 

Figure S1, TIF file, 0.1 MB

###### 

Impaired neutrophil recruitment in IL-1R-deficient mice, as evidenced by FACS analysis. (A) Peritoneal cells positive for Ly6G (granulocytes) in WT and IL-1-RI^−/−^ mice under resting conditions. (B) Peritoneal cells positive for Ly6G (granulocytes) in WT and IL-1RI^−/−^ mice 3 h after an i.p. challenge with heat-killed GBS (0.5 mg). Download

###### 

Figure S2, TIF file, 0.1 MB
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